Adhesion of tissue cells to the extracellular matrix depends on the activation of specific transmembrane receptors, for example, integrins, which leads to the assembly of specialized adhesion sites known as focal adhesions (FA). 1 Activation and spatial organization of integrins are mainly controlled by epitopes containing an RGD (R ) arginine, G ) glycine, D ) aspartate) sequence, that is present on a variety of adhesive extracellular matrix (ECM) proteins. Recent studies indicated that, beyond the chemical specificity of the adhesive epitope, 2 many physical features of the adhesive surface, including its geometry, 3 rigidity, 4 and precise epitope spacing, 5 are critical for guiding receptor-mediated adhesion formation and signaling. Specifically, it was demonstrated that cyclic RGDfK 6 peptides linked to nanogold particles which were arranged in pattern on substrates and interspaced by 58 or 73 nm, influence cell adhesion, 5 spreading, focal adhesion assembly, and migration 7, 8 in very different ways. In these studies, control experiments demonstrated that only the specific functionalization of nanogold particles with cyclic RGD induced integrin clustering and such focal adhesion formation upon interaction with cells such as 3T3-fibroblasts or -osteoblasts. Nonfunctionalized nanogold particles 5 or nanoparticles that were functionalized with a random sequence of amino acids, that is, arginine, glycine, and glutamic acid (RGE), 9 did not induce adhesion associated cell responses. Even more detailed, blocking of integrin Rv 3 by antibodies revealed no adhesion response if nanogold particle patterns were functionalized with cyclic RGD. 8 The number of adhering cells, their morphology, and their alignment are affected by plating the cells on gradients of immobilized fibronectin 10 or RGD peptides. 11 Axon extensions of rat hippocampal neurons 12 and migrating cells 13 tend to preferentially orient toward increasing surface density of the corresponding adhesion molecules. However, despite compelling evidence from local directional cues, generated by variations in density of adhesion molecules, the mechanisms whereby cells sense these variations, as well as specific variations in density, remain unclear.
In recent years, new tools for the generation of surfaces displaying adhesive ligand density gradients have been developed. These techniques include the photoimmobilization of peptides on self-assembled monolayers, 14 microfluidic systems, 15 contact printing, 16 or dip-pen lithography. 17 Gold nanoparticle density gradients may be obtained by assembling the nanoparticles along a concentration gradient of amino groups. 18 More recently, protein-coated gold and silver nanoparticles have been used for the assembly of protein density gradients, by varying the immersion time of the solid support. 19 On the molecular length scale, these methods enable quantification of an average molecular concentration, which gradually varies along the adhesive surface; however, they are too "noisy" to quantify the densities themselves and density variations capable of inducing cell polarization.
We herein demonstrate a novel surface patterning technique for the generation of nanoparticle spacing gradients, which is based on controlled modulation of the self-assembly of diblock copolymer micelles. Because of the self-assembly of macromolecules, large-scale surface areas are easily processed by this technique. After successful biofunctionalization of the nanoparticles with c(-RGDfK-), 5,7,8 each single particle binds up to one integrin. 20 Upon adhesion of cells, the gradual increase in spacing between individual nanoparticles and, thus, local changes in integrin clustering enable the testing of the response sensitivity of cells to the spatial separation of individual adhesion molecules.
Block copolymer micelle nanolithography (BCMN) enables the positioning of 1-15 nm sized gold particles in a quasi-hexagonal pattern, with a tunable particle spacing of 15-250 nm, by dip-coating a substrate, and subsequently subjecting it to a plasma process which removes the entire polymer but, at the same time, deposits gold particles on the substrate in well-defined patterns. [21] [22] [23] [24] Varying the molecular weight of diblock copolymers causes variations in lateral spacing between the gold nanoparticles. Here, we demonstrate that the lateral spacing of gold nanoparticles also depends on the concentration of the micellar dip-coating solution and on the substrate retraction velocity, the latter of which enables the formation of well-defined nanoparticle spacing gradients.
Extended and highly regular monomicellar films were prepared by dip-coating Si(100)-wafers or glass coverslips into toluene solutions of polystyrene(x)-b-poly(2-vinylpyridine)(y) (PS(x)-b-P2VP(y)) diblock copolymers.
Scanning electron microscopy (SEM) was then used to evaluate particle spacing as a function of polymer concentration, revealing a particle spacing for the PS(1780)-b-P[2VP(HAuCl 4 ) 0.2 ](520) diblock copolymer which ranged from ∼50 nm for 10 mg/mL to ∼170 nm for 0.1 mg/mL, when a substrate was retracted from the solution at a speed of 12 mm/min (Figure 1a) . The graph displays a linear decrease in the particle spacing, as the polymer concentration increases from 1 to 5 mg/mL; this decrease saturates toward 50 nm when the polymer concentration reaches 10 mg/mL. The insets in Figure 1a depict two representative SEM micrographs, revealing quasi-hexagonal arrays of gold nanoparticles obtained at polymer concentrations of 1 mg/mL and 5 mg/mL.
The particle spacing was then varied by changing the substrate retraction velocity from 2.3 to 41.9 mm/min, using a 2 mg/mL solution of PS(1780)-b-P[2VP(HAuCl 4 ) 0.2 ](520) diblock copolymer. Increasing the retraction velocity led to a quasi-linear decrease in the particle spacing from approximately 125 to 95 nm (Figure 1b) . Notably, a maximal retraction velocity was also observed, above which the particle spacing saturates. This finding is explained by the observation that a faster retraction velocity of the substrate results in a thicker liquid film adsorbed to it, since the liquid has less time to flow back into the solution reservoir. This results in an increased number of deposited micelles per unit area, after evaporation of the solvent. Since a dissolved diblock copolymer micelle consists of a soft shell of polystyrene, micelles adjust to variations in micellar density during solvent evaporation by forming energetically favorable micellar core-to-core spacing, while each core positions the gold for deposition on substrates. Saturation of micellar packing is obtained when the polystyrene shell cannot be condensed any further.
A particle spacing gradient on one substrate was obtained by varying the substrate retraction velocity from the micellar solution. An extended range of particle spacing gradients was obtained by combining the alternation in polymer length with the retraction velocity (Figure 1c ). The combination of three different molecular weights of PS-P2VP diblock copolymers with different substrate retraction velocities yielded variations in particle spacing between 80 and 250 nm. In general, a larger molecular weight of PS resulted in a wider particle spacing range by gradual variation of the substrate retraction velocity. Particle spacing gradients with different strengths of ∆19 ( 1, ∆30 ( 3, and ∆50 ( 7 nm/mm were obtained by varying the acceleration of the retraction speed ( Figure  1d ). The insets show SEM micrographs of highly regular gold nanopatterns at a substrate position below 3 mm and above 5 mm. Figure 1e depicts particle spacing gradients of different directions on the same substrate.
The nanoparticle spacing gradients were applied to measure the sensitivity of adherent tissue cells to variations in spatial presentation of adhesive ligand "nanopatches", whereby each patch may bind up to one integrin molecule. Therefore, the substrate area which was not covered by gold nanoparticles was passivated by polyethylene glycol (PEG) to avoid nonspecific protein adsorption. 5, 25 The nanoparticles were functionalized with the c(RGDfK)-thiol cell adhesive molecules, which specifically bind to integrins. 5,9 Accordingly, each functionalized nanoparticle served as a c(-RGDfK-) adhesion patch. The patch size was approximately 8 nm, that is, 6 nm diameter of the gold particle, plus a 2 nm layer formed by the c(-RGDfK-) layer. Therefore, each c(-RGDfK-) patch presented a single binding site for up to one integrin due to steric hindrance when cells were plated on the nanostructured support (Figure 2a) . 20 In former publications, we demonstrated that nonfunctionalized nanogold particles 5 or particles that were functionalized with a peptide presenting a random chosen sequence, that is, RGE, 9 did not induce any adhesion associated cell response. Even in the case of blocking the cell adhesion receptor integrin Rv 3 with antibodies but functionalizing the nanogold particle array with c(-RGDfK-), no adhesion of cells was found which proved the specificity of the surface functionalization concept once more. 8 The height of the nanoparticles was adjusted such that it matches the height of the PEG layer between the nanogold particles, that is, approximately 6 nm. Thus, potential topographical effects did not account for cell adhesion associated response. 5, 25 The c(-RGDfK-) functionalized nanoparticle spacing gradient was applied to screen for changes in cellular morphology as a result of c(-RGDfK-) patch interspacing. The spacing between c(-RGDfK-) patches was continuously increased from ∼50 nm to ∼80 nm, between positions 3 mm and 5 mm of the substrate (Figure 2e ) yielding a gradient strength of ∼∆15 nm/mm. High-magnification phase-contrast micrographs (Figure 2e ) indicate that the cell morphology changed from radial, wellspread adherent cells at a ligand patch spacing of ∼50 nm, to strongly elongated cells at a spacing of ∼80 nm. The dynamic response of cells to a c(-RGDfK-) interparticle spacing gradient was documented by analyzing the projected cell area after 2.5, 8, and 23 h in several substrate positions (Figure 3a-c) . After 2.5 h, most cells were round and did not show a significant morphological variation along the gradient. The locally measured projected cell area was scattered around the mean projected cell area of 1500 µm 2 . Eight hours after plating, an increase in cell area along the gradient from ∼1500 to ∼2250 µm 2 for smaller patch spacing could be noted. After 23 h, position-dependent variations in cell spreading were clearly detected as a function of variations in spacing. On the dense part of the substrate, cells maintained a size of ∼2250 µm 2 , while those attaching to c(-RGDfK-) interpatch distances of 70 nm or more decreased their projected cell area even further, to a final size of ∼1000 µm 2 . Undoubtedly, cells response was due to gradual variations in c(-RGDfK-) interpatch distances since nonfunctionalized nanogold particles or particles that were functionalized with the RGE peptide did not at all indicate any comparable response (Figure 3c ). In general, it was rather difficult to find cells which remain at the nanopattern substrates if the pattern was not functionalized with c(-RGDfK-). The couple of ten cells which were still discovered along the substrate were mainly spherical in shape and not spread. Evaluation of their mean projected cell area gave values below 250 µm 2 per cell (Figure 3c ). It is noteworthy that projected cell areas of spherical cell do not recall their adhesion area. Even more, we claim that these couples of cells were attached to the substrates only because of defects in the substrate. In contrast, c(-RGDfK-) functionalization of the pattern obtained adhesion and spreading of couples of hundred cells with obviously much larger projected cell areas than in the other mentioned nanogold functionalization experiments. Only a slight linear decrease in the projected cell area was observed for spacing values which did not include a 70 nm distance, that is, gradients ranging from 45 to 65 nm with a gradient strength of ∆40 nm/mm (Figure 3d ) or 80-110 nm with a gradient strength of ∆15 nm/mm (Figure 3e) .
Another morphometric parameter of adherent cells is the degree of cell polarization, obtained by calculating the gradient polarization ratio (GPR), defined as the axial ratio of the most extended width of the cell body along the gradient (L x ) and the most extended width of the cell body perpendicular to the gradient (L y ; Figure 4a ). In general, a GPR value of ∼1 represents cells with no polarization, while a GPR > 1 indicates cells that are polarized. The GPR values are plotted here as a function of the substrate position. Within the error margins, the evaluated GPR values of MC3T3 osteoblasts at a homogeneous distributed ligand patch spacing of ∼50 nm are constant and show a typical value of ∼1. The strongest polarization of cell bodies occurred in the middle of the gradient with a value of ∼1.3, where the patch spacing range is between 60 and 70 nm. The orientation angle distribution of elongated cell bodies is given in Figure 4b The weakest gradient to which cells responded had a strength of ∆15 nm/mm, if the gradient included the 70 nm spacing. Under these conditions, cells displayed an average length of 〈L x 〉 ∼ 61 ( 3 µm in the direction of the gradient. A cell thus elongated along the gradient is exposed and can respond to a difference in ligand patch spacing of ∼0.9 ( 0.5 nm between the cell's front and rear. This sensitivity to such a small length scale is remarkable, being much smaller than the expected "noise" and is, most likely, achieved in a time-integrative manner. This sensitivity may only be realized with molecular operations such as optimal receptor clustering. One may speculate that this exquisite cellular sensitivity arises from conditions prevailing in vivo, such as the 67 nm periodicity given in collagen, which forms 80% of the environment of tissue cells. 26 Therefore, our findings also address the precise conditions with which cellular environments must be constructed in order to sustain structure and function of living tissues.
In summary, the development of a novel nanoscale ligand spacing gradient enabled us to study the high sensitivity of tissue cells to changes in spatial presentation of adhesion ligand patches. Particle spacing gradients of varying strengths and a spacing range covering 50 to 250 nm were demonstrated with gold nanoparticles of approximately 6 nm in diameter. Specific biofunctionalization of the particle spacing gradient enabled us to determine the minimal gradient strength required in order to make cells polarize, that is, ∆15 nm/mm gradient strength. Since each gold nanoparticle functionalized by c(-RGDfK-) peptides offers a single binding site for the adhesion receptor integrin, a gradual increase in particle spacing tests the importance of receptor clustering-based responses in the ability of cells to sense spatial variations of <1 nm, presented by the extracellular matrix.
